Analysis of 1/f noise in MOSFET circuits is typically performed in the frequency domain using the standard stationary 1/f noise model. Recent experimental results, however, have shown that the estimates using this model can be quite inaccurate especially for switched circuits. In the case of a periodically switched transistor, measured 1/f noise power spectral density (psd) was shown to be significantly lower than the estimate using the standard 1/f noise model. For a ring oscillator, measured 1/f-induced phase noise psd was shown to be significantly lower than the estimate using the standard 1/f noise model. For a source follower reset circuit, measured 1/f noise power was also shown to be lower than the estimate using the standard 1/f model. In analyzing noise in the follower reset circuit using frequency domain analysis, a low cutoff frequency that is inversely proportional to the circuit ontime is assumed. The choice of this low cutoff frequency is quite arbitrary and can cause significant inaccuracy in estimating noise power. Moreover, during reset the circuit is not in steady state and thus frequency domain analysis does not apply. The paper proposes a nonstationary extension of the standard 1/f noise model, which allows us to analyze 1/f noise in switched MOSFET circuits more accurately. Using our model we analyze noise for the three aforementioned switched circuit examples and obtain results that are consistent with the reported measurements.
Introduction
Historically, 1/f noise in MOSFETs was of concern mainly in the design of low frequency linear analog circuits such as bias circuits, audio amplifiers, etc. [1] . As CMOS technology scaled down to the submicron regime, 1/f noise has become of greater concern in a wider range of circuit designs. Scaling has enabled the use of CMOS technology in many new applications such as RF circuits and CMOS image sensors. These circuits have been found to be quite sensitive to 1/f noise. Moreover, as mentioned in [2] , MOSFET 1/f noise power increases rapidly with technology scaling. It is, therefore, becoming more important to accurately estimate the effect of 1/f noise for a wide variety of MOSFET circuits.
Analysis of 1/f noise in MOSFET circuits is typically performed using the well established stationary 1/f noise model [3, 4] , which henceforth will be referred to as the standard 1/f noise model. Recent experimental results, however, show that the estimates using this standard model can be quite inaccurate especially for switched circuits. An important class of such circuits is periodically switched circuits, which are widely used in RF applications, such as switched capacitor networks, modulators and demodulators, and frequency converters. In the simplest case of a periodically switched transistor, it was shown that the measured drain voltage 1/f noise power spectral density (psd) [5, 6, 7] is much lower than the estimate using the standard 1/f noise model. Another example that has recently been receiving much attention is 1/f-induced phase noise in CMOS oscillators [8, 9, 10] . Unlike the amplitude fluctuations, which can be practically eliminated by applying limiters to the output signal, phase noise cannot be reduced in the same manner. As a result, phase noise limits the available channels in wireless communication. Recent measurements [7] show that the 1/finduced phase noise psd in ring oscillators is much lower than the estimate using the standard 1/f noise model.
Yet another example of a switched circuit is the source follower reset circuit, which is often used in the output stage of a CCD image sensor [11] and the pixel circuit of a CMOS Active Pixel Sensor (APS) [12] . To find the output noise power due to 1/f noise, frequency domain analysis is typically performed using the standard 1/f noise model. A low cutoff frequency f L that is inversely proportional to the circuit on-time is used to obtain reasonable noise power estimates. The choice of this low cutoff frequency is quite arbitrary, however, and can cause significant inaccuracy in estimating noise power [13] . Moreover, during reset the circuit is not in steady state and thus frequency domain analysis does not apply.
In this paper we propose a nonstationary extension of the standard 1/f noise model. We show that using this model more accurate estimates of the effect of 1/f noise in switched circuits can be obtained. In particular we consider the aforementioned three example circuits. For the reset circuit we use our nonstationary model and time domain analysis to find more accurate estimate of the output 1/f noise power.
The rest of the paper is organized as follows. In section 2 we describe the standard stationary MOSFET 1/f noise model and our nonstationary extension. In sections 3, 4, and 5, we use our nonstationary model to estimate the effect of 1/f noise on a periodically switched transistor, ring oscillator, and source-follower reset circuit, respectively. In all cases we find that our estimates are consistent with the reported measurement results.
MOSFET 1/f Noise Models

Standard 1/f Noise Model
It is now widely believed that 1/f noise in a MOSFET is due to traps in the gate oxide [3, 4] . This is supported by studies of small area sub-micron MOSFETs, where only a single trap is active in the gate oxide. Capture and emission of channel carriers by this trap are represented by the trapped electron number N (t), which takes the value 1 if a carrier is captured and 0 otherwise, as depicted in Figure 1 . The trap is active when its energy level is close to the Fermi level [14] in the bulk. In this case the capture and emission rates must be nearly equal. Thus, N (t) can be modeled as a Random Telegraph Signal (RTS) with rate λ. In equilibrium, the autocovariance of N (t) is given by
and the corresponding double sided power spectral density (psd) is
In practical MOSFETs there can be many traps in the gate oxide. Since each trap captures and emits carriers independently, the psd of the total trapped electron number is the sum of the psds for the individual trapped electron numbers. Traps can have different rates depending on their location in the gate oxide. The distribution of the rates is believed to obey a log uniform law [15] 
where kT is the thermal energy, A is the channel area, t ox is the effective gate oxide thickness, N t is the trap density (in eV
, λ H is the fastest transition rate or high corner frequency, and λ L is the slowest transition rate or low corner frequency. The corner frequencies are related to t ox through the equation log λ H λ L = γt ox , where γ is the tunneling constant. The psd of the total trapped electron number is thus given by
The MOSFET charge-control analysis can then be used together with the derived psd of the total trapped electron number to find the 1/f noise psd of the gate voltage. For submicron n-channel MOSFET, carrier number fluctuations dominate [16, 17] and the equivalent 1/f noise psd of the gate voltage is given by
where C ox is the gate oxide capacitance and k F is the widely used SPICE 1/f noise parameter. A unified number and mobility theory [3] can be used to extend these results to p-channel MOSFETs.
Nonstationary 1/f Noise Model
In this subsection, we present our nonstationary extension of the standard 1/f noise model discussed in the previous section. The main purpose of the extension is to be able to accurately analyze 1/f noise in switched circuits. We begin by considering the case of a single trap in an n-channel MOSFET. The key observation that led to our extension is that with very high probability the trap is empty when the transistor is off. The physical reason can be explained via the MOSFET energy band diagram in Figure 2 . The energy levels E o t and E t represent the trap energy in the off and on states, respectively. Note that for the trap to be active when the transistor is on E t must be very close to E f , i.e., E t ≈ E f . When the transistor is turned on the trap energy shifts down by several hundred millivolts, which is the same as the shift in the surface potential. This is the case since the difference between the energy level of the trap and that of the oxide conduction band is independent of the gate bias voltage. This means that
kT . It is well known [14] that the ratio of the trap capture rate λ c to its emission rate λ e is exponentially related to the difference between the trap energy and the Fermi level. When the transistor is off, this gives
Thus with very high probability, the trap is empty when the transistor is off. If we let t = 0 denote the time when the transistor turns on, we get that N (0) ≈ 0. Now let p 1 (t) be the probability that the trap is occupied at time t > 0. To find p 1 (t) we note that
Thus in the limit dp
Solving for p 1 we find that
The probability that the trap is occupied at time t + τ , for τ > 0, given that it is occupied at time t can be similarly found to be
Therefore, the autocovariance function of N (t) is given by
, which is the stationary autocovariance function derived in the previous subsection.
The autocovariance of the total trapped electron number is simply the sum of the autocovariances for the individual traps in the gate oxide, i.e.,
Applying charge-control analysis, the equivalent gate voltage autocovariance function can be numerically evaluated.
For the examples in the following sections we assume a 0. 
1/f Noise in a Periodically Switched Transistor
Periodically switched circuits are widely used in RF applications, such as switched capacitor networks, modulators and demodulators, and frequency converters. In this section we use our nonstationary 1/f noise model to analyze the simplest example of such circuits, the periodically switched transistor. Figure 3 depicts a typical setup for measuring 1/f noise psd for a transistor. In the periodically switched case the gate of the transistor is driven by a square wave voltage source that switched between 0V and v H , which is high enough to bias the transistor in the saturation region. Measured 1/f noise psd using this setup was reported in [5, 6, 7] . These papers comment on the fact that the measured psd is significantly lower than the psd estimated using the standard 1/f model. We now show that using our nonstationary model results that are more consistent with these measurements can be obtained. We first consider a single active trap. Using equation 8, we can write the autocovariance function of the trapped electron number as
Note that C λ (t, τ ) is periodic in t, and that the trapped electron number is a wide sense cyclostationary process. As proved in [18, 19, 20] , low pass filtering or band pass filtering of a wide sense cyclostationary process results in a wide sense stationary process when the filter bandwidth is less than half the switching frequency . Spectrum analyzers normally perform this conversion before the spectrum is determined. Therefore the autocovariance of the resulting stationary process can be obtained by averaging the time varying autocovariance over one cycle e −2λτ , and thus predicts the psd curve to be 3dB lower at all frequencies than a dc biased transistor. Now performing Fourier transform on C s λ (τ ), and summing over the contributions of all active traps, we find the drain 1/f noise voltage psd
where ξ V relates the trapped electron number psd to the drain noise voltage psd. Figure 4 plots the simulated drain 1/f noise voltage psd for both the standard and the nonstationary 1/f noise models assuming switching frequency of 2MHz. For comparison we also plot the drain 1/f noise voltage psd for the dc biased transistor. Note that for f much higher than the switching frequency, the two models yield the same result, which, as pointed out is 3dB lower than the noise psd in the dc biased case. For f lower than the switching frequency, the two models deviate significantly. The standard model still predicts noise psd to be 3dB lower than the dc biased case, while the nonstationary model predicts further noise psd reduction that increases as f decreases. This is consistent with the behavior of the measured psd.
1/f-induced Phase Noise in a Ring Oscillator
Phase noise in CMOS oscillators has recently been receiving much attention [8, 9, 10] since it sets a limit on the available channels in wireless communication. It is typically represented by sideband noise power spectral density L(∆ω) = 10 log
, where P(ω 0 + ∆ω, 1Hz) represents the sideband power at frequency offset of ∆ω from the carrier frequency ω 0 with a measurement bandwidth of 1Hz. Computing this number requires knowledge of how the device noise current is converted into oscillator output voltage. In [9] this is done in two steps. The first step involves the conversion of excess injected current into excess phase, which is done via a linear time varying system (LTVS). The second step is phase modulation, where the excess phase is converted into voltage. The LTVS is characterized by its impulse response h(t, τ ) =
, where q max is the maximum charge displacement, u is the unit step function, and Γ is the periodic impulse sensitivity function (ISF). Expanding Γ(ω 0 τ ) = 
This approach, however, cannot be used to explain the abnormal reduction in phase noise when the transistors in a ring oscillator are periodically turned on and off [7] . We now show that using our nonstationary 1/f noise model, we can explain this reduction. In these experiments, one transistor typically has much smaller area than the rest, and thus its 1/f-induced phase noise dominates. To study the noise due to this transistor, we first consider the case where there is only one active trap inside its gate oxide. Using the periodic autocovariance function of the trapped electron number as expressed in equation 9, we can find the time varying psd [21] S(t, f ) =
where T = 2π ω 0
. Note that the function S(t, f ) is separable and can thus be expressed as S(f )α(ω 0 t), where S(f ) = 1 2 λ λ 2 +(πf ) 2 and α(ω 0 t) is a periodic function. For this class of cyclostationary noise sources, it is shown in [9] that phase noise can still be calculated using equation 12, with S(f ) representing a stationary noise source which is associated with an effective ISF Γ ef f = Γ(ω 0 t)α(ω 0 t). In [9] it is also shown that for independent noise sources the total phase noise is simply the sum of the phase noise due to each source. We can use this fact to find the 1/f-induced phase noise psd in the case of many traps, since their trapped electron numbers are independent.
To demonstrate that our nonstationary 1/f noise model can be used to explain the reduction in phase noise consider a ring oscillator with the ISF shown in Figure 5 . The figure also plots the gate voltage for the transistor under consideration. Figure 6 plots the simulated phase noise psd using both the nonstationary and the standard 1/f noise models at 2MHz switching frequency. We also plot the phase noise psd of a non-switching ring oscillator, where the transistor is always on. As can be seen, the standard 1/f noise model reports phase noise that is 6dBc lower than the non-switching case, at all frequencies. The 6dBc reduction, however, is too small when compared to the reported measurements [7] , which show over 10dBc reduction in the 1-10kHz range. By comparison, the plot using our nonstationary model shows 10-20dBc reduction in this frequency range. The reduction is the result of the decrease in 1/f noise due to the switching of the transistor as discussed in the previous section. Note that our model predicts an increase in 1/f-induced phase noise above 100kHz relative to the estimates of the standard model. This, we believe, is due to the nonflat shape of the α(ω 0 t) as shown in Figure 5 , which can cause significant asymmetry in the effective ISF Γ ef f , and thus can increase phase noise.
1/f Noise in Source Follower Reset Circuit
The source follower reset circuit is commonly used in the output stage of a CCD image sensor and the pixel circuit of a CMOS APS. As depicted in Figure 7 during reset, the gate of the transistor is set to a high voltage v reset for a short period of time t r . To find the output noise power due to the transistor 1/f noise, frequency domain analysis is typically performed using the standard 1/f noise model to get
where g m is the transistor transconductance, and S I d is the transistor drain current 1/f noise psd. The choice of 1 tr as a low cutoff frequency is quite arbitrary, however. Moreover the circuit is not in steady state [22] and thus it is not appropriate to use frequency domain analysis.
In this section we use our nonstationary 1/f noise model and time domain analysis to obtain more accurate noise power estimates. First note that at the beginning of reset, the transistor is either operating in the saturation region or in subthreshold depending on the value of v out . Even if the transistor is first in in saturation, it quickly goes into subthreshold and does not reach steady state. This was explained in detail in [22] , where we analyzed reset noise due to thermal and shot noise sources. The circuit noise model during reset is shown in Figure 7 (b). The current source I d (t) models the transistor 1/f noise and g m is the transistor transconductance in subthreshold, which is time varying. The output noise voltage at the end of reset is given by [22] 
The output reset noise power is thus given by
(15) Using the MOS transistor subthreshold I-V characteristics, we get that g m (τ ) ≈ C τ +δ , where δ is the thermal time [22] . Thus
Substituting this and equation 1 and 8 into equation 15, we get that
Note that this result is virtually independent of the capacitance. This of course is very different from the famous kT /C reset noise due to thermal and shot noise sources. The reason is that 1/f noise power is concentrated on low frequencies, and thus is less sensitive to circuit bandwidth and hence C.
In Figure 8 we compare the results using our method to the results using conventional frequency domain analysis. To perform the frequency domain analysis we need to decide on the value of g m to use. In that figure we plot the results of the frequency domain analysis for two values of g m , one at the beginning and the other at the end of the reset time. Note the enormous difference between the curves for the two g m values. Depending on which g m value is used, the results can vary from 3.2µV to 68µV at t r = 10µs. This presents yet another serious shortcoming of using frequency domain analysis.
To isolate the effect of using the standard versus the nonstationary noise models, in Figure 9 we plot the curves for both models using the same time varying circuit model. In calculating the noise assuming the standard model we simply replace the C λ (s 1 , |s 2 − s 1 |) in equation 16 by the stationary autocovariance C λ (|s 2 − s 1 |). As can be seen from the two curves, the RMS noise voltage using the standard model is much higher, e.g., 222µV versus 37.2µV at t r = 10µs. The noise due to reset transistor shot noise is also plotted and is around 276µV. Note that the RMS 1/f noise voltage predicted by the standard model is comparable to the effect of the shot noise. Measurement results [22, 23] show however that shot noise dominates the reset noise, which corroborates the analysis using our method.
Conclusion
Recent experimental results showed that the estimates of the effect of 1/f noise obtained using the standard 1/f noise model can be quite inaccurate especially for switched circuits. In the case of a periodically switched transistor measured 1/f noise psd was shown to be significantly lower than the estimate using the standard 1/f noise model. Similarly, measured 1/f-induced phase noise psd in a ring oscillator was also shown to be significantly lower than the estimates using the standard 1/f noise model. To find the output noise power due to 1/f noise in a source follower reset circuit, frequency domain analysis is typically performed using the standard 1/f noise model. A low cutoff frequency that is inversely proportional to the circuit on-time is typically used to obtain reasonable noise power estimates. The choice of this low cutoff frequency is quite arbitrary, however, and can cause significant inaccuracy in estimating noise power. Moreover, during reset the circuit is not in steady state and thus frequency domain analysis does not apply. We used our nonstationary extension of the standard 1/f noise model to analyze the effect of 1/f noise in these three switched circuit examples. In all cases we obtained results that are more consistent with reported measurements than those obtained using the standard 1/f noise model. This not only validates our model but also means that accurate estimates of the effect of 1/f noise on MOSFET circuits can now be obtained for a wider range of applications. 
